Molecularly imprinted polymers (MIPs) were applied as molecular recognition elements to an electrochemical sensor for phenylephrine. A MIPs membrane was created on a glassy carbon electrode. SEM revealed a gradual change on the morphology of modified electrodes as the ratios of function monomer and cross-linking varied. When the ratio was 4:40, the surface morphology between the imprinted electrode (M-electrode) and the control electrode (N-electrode) became unambiguously different. This artificial receptor exhibited high selectivity for the template compared to closely related analogue. The response of the sensor varied in different concentration range might due to the heterogeneity of the MIPs membrane. This sensor was also used to determine phenylephrine in tablet samples.
Introduction
Artificial receptors, such as molecularly imprinted polymers (MIPs) are currently under investigation for numerous applications, especially for chemical sensors. 1, 2 MIPs have been utilized as molecular-recognition membranes in chemical sensing systems. The sensing systems are based on an analyte bound to the MIPs membrane, itself, and reacts on the surface of a solid support on which MIPs are prepared, 3, 4 or the characteristic alteration of MIPs membrane caused by binding the analyte. 5, 6 Since the preparation of MIPs is simple and inexpensive, and as applicable to various molecules, MIPs have been ideal candidates as recognition elements for sensors.
Phenylephrine (PE, Scheme 1) is a sympathomimetic, and undergoes extensive first-pass metabolism. 7 It can be used to increase alertness, and to reduce fatigue. Also, it is a decongestant, working by constricting blood vessels in the body. So far, there are several methods for determining PE in plasma, urine or tablet, such as gas chromatography (GC), 8 HPLC, 9 and GC-mass spectrometry (MS). 10 Most of these methods require a pretreatment of the separation steps and elaborate instruments.
In this work, we have been trying to construct a method to determine PE in tablets in a rapid, reliable, sensitive and low-cost way, by using a MIPs membrane modified glassy carbon electrode (GCE). On the surface of this modified electrode, PE can bind to the imprinted site specially, while other chemicals do not bind to, or bind to in a less degree. The bound PE can then be oxidized electrochemically at the electrode surface. The MIPs membrane on the GCE as a recognition element could specially adsorb the template analyte because of an imprinting effect. SEM images reveal a gradual change in the morphology of the MIPs membrane as the degree of cross-linking increased. Also, the influence of the degree of cross-linking to the performance of the sensor has been analyzed.
experimental

Reagents and chemicals
Phenylephrine hydrochloride (PEH) was a gift from Shenzhen Oriental Pharmaceutical Co., Ltd. (Shenzhen, China). PEH must be recrystallized before being used as a template in order to eliminate hydrogen chloride. Ethylparaben was purchased from Kemiou (Tianjin, China). Also, 2,2′-azobisisobutyronitrile (AIBN) was from Sihewei (Shanghai, China). Methacrylic acid (MAA) was obtained from Lingfeng (Shanghai, China). Ethylparaben, AIBN and MAA were all used as received. Ethylene glycol dimethacrylate (EDMA) was purchased from Shanghu (Shanghai, China), which was distilled prior to use in order to remove any stabilizers. Also, water used in this experiment was redistilled.
Apparatus
Differential pulse voltammetry (DPV) was performed using a CHI660 (Chenhua, Shanghai, China) and a three-electrode system. A molecularly imprinted polymers-coated glassy carbon electrode (diameter, 2 mm) acted as a working electrode. A saturated calomel electrode (SCE) and a platinum electrode were used as a reference electrode and an auxiliary electrode, respectively.
A Model Shimadzu SCL-10AVP HPLC measurement (made in Japan) with photo diode array detection was used, coupled with a Diamonsil (TM) C18 (5 μm × 150 mm × 4.6 mm) column (Dikma Technologies). The mobile phases were (A) 0.003 M K2HPO4 buffer (pH 2.3) and (B) acetonitrile. At a flow-rate of 1 mL/min, the following concentration gradient was applied: 0 -5 min, 6% B; 5 -11 min, 15% B; 11 -14 min, 30% B; 14 -21 min, 6% B. The analytes were quantified by using the peak area at 273 nm.
Preparation of MIPs-coated electrode
Before being modified, the surface of GCE was polished with aqueous alumina slurries with a successive decrease in the particle size (1 -0.3 μm), and then immersed in 65%wt nitric acid/water (1:1, v/v), ammonia/water (1:1, v/v), ethanol/water (1:1, v/v) for 5 min in turn, followed by an ultrasonic treatment in redistilled water for 15 min to obtain a clean and fresh electrode surface. MIPs were prepared by using PE as a template, MAA as a functional monomer and EDMA as a cross-linker. A polymerization mixture was prepared as follows: 0.0334 g (0.2 mmol) of PE and 0.8 mmol of MAA were dissolved in 1 mL of chloroform/methanol (8:2, v/v), and shaken at room temperature for 4 h to make the template and MAA interact with each other sufficiently; then 8 mmol of EDMA was added. The mixture was degassed with N2 for 5 min in an ice bath before and after adding 1% wt AIBN as an initiator; a 10-μL portion of the mixture was dropped onto the electrode surface and left for 90 s to contact sufficiently with the electrode surface. Any excess of the mixture was eliminated via spin coating (1000 rpm).
The electrode was left to perform polymerization for 12 h, at 4°C, under N2 atmosphere and UV radiation (λ = 365 nm).
A control electrode (N-electrode) was prepared following the same procedure, but without a template during polymerization. At any time, the control electrode had the same treatment as the imprinted electrode (M-electrode).
Measurement
The template was extracted from the polymeric film by immersing the electrode in methanol until the signal corresponding to the oxidation of PE disappeared. Then, the electrode was transferred to a phosphoric buffer solution (0.01 M, pH 7) containing a template molecule, and left for 10 min, which was enough for PE to diffuse into the polymer and bind. Prior to the electrochemical experiment study, the equilibrium time for adsorbing of PE from the solution was additionally evaluated by observing the peak current until it was stable. In order to remove any weakly adsorbed molecules, the modified electrode was subsequently carefully washed with redistilled water before it was transferred to the electrochemical cell. The measurements were carried out in an aqueous phosphoric buffer (0.01 M, pH 7). The current detected in this case was related to the concentration of the analyte presented in the binding step. The modified electrode could be reused after being washed in methanol.
Surface morphology
The surface morphology of the imprinted electrode and the control electrode were observed using SEM (S-520, Hitachi, Japan) after the step of extracting the template molecule.
Application
This sensor was applied to determine PE in tablets. Coltalin (compound paracetamol and phenylephrine tablets) is usually used for the common cold and the influenza. Two Coltalin tablets (0.8426 g, containing about 10 mg PEH) were ground and dissolved in a phosphoric buffer solution (0.01 M, pH 7), then diluted to 500 mL with a buffer, followed by filtration. Then, 0.0250 g of PEH was dissolved and diluted to 10 mL with the filtrate as a stock solution. Two sample solutions, Sample A and B, were subsequently prepared by adding 0.00 and 0.40 mL of the stock solution to two volumetric flasks and diluting to 50 mL with the filtrate. Thus the PEH concentrations of the sample solutions were x and x + 20 μg/mL, respectively. A M-electrode was immersed in each sample solution for 10 min, and then we carefully washed the electrode with redistilled water, and transferred it to a clean phosphoric buffer solution (0.01 M, pH 7). The oxidation current was recorded. This process was paralleled five times. The concentrations of PE in the samples were also determined by HPLC.
Results and Discussion
Electrochemical reaction of PE on glassy carbon electrode
According to the authors' knowledge, there is no written information concerning electrochemical studies on phenylephrine, but on electrochemical detection with a glassy carbon electrode in LC procedures, 11, 12 or by an anodic stripping voltammetric method for the determination of PE with a modified carbon paste electrode. 13 In our work, PE gave an obvious anodic wave on a glassy carbon electrode. The oxidation peak potential shifted to negative as the pH was increased. As we know, PE has two pKa values, 8.9 due to its phenol group, and 10.1 attributed to its basic secondary amine.
14 PE, with a phenol group, was oxidized much more easily under high pH conditions. Taking into account the actual application of the sensor in body fluid, we chose a neutral buffer solution as the testing medium.
Optimization of the modification procedure
A highly cross-linked MIPs layer grafted on the electrode surface is a non-conductive polymer containing numerous recognition sites, to which the analyte can diffuse and bind. Under an appropriate condition, the analyte would be released from the recognition sites, and diffuse onto the surface of the electrode to react. There were a large number of pores in the highly cross-linked layer produced by the porogen during polymerization. These pores connected the recognition sites into a network and also worked as channels through which the analytes diffuse through. 15 The pore size was related to the performance of the sensor. Thus the pore size must be appropriate. If the category and volume of the solvent are fixed, it can be altered via the quantity of the cross-linking.
To investigate the optimum quantity of cross-linking, different N-electrodes were prepared by changing the molar ratio of the cross-linking and functional monomer, while the porogen and functional monomer were fixed as described in the section concerning the preparation of MIPs-coated electrode. SEM images (Figs. 1a, b) displayed that the pore size decreased with the degree of cross-linking increasing. The sizes of micropores were about 13 and 8 μm when the ratios of the function monomer and cross-linking were 4:10 and 4:30, respectively. However for the 4:40 N-electrode, there were just numbers of knots (Figs. 1c, d ). It might have resulted from the high degree of cross-linking that led to the polymer shrinking quickly in the polymerization process. The peak current of the PE declined as the degree of cross-linking increased (Fig. 2) . When the molar ratio of the function monomer and cross-linking was 4:40, the response of PE was the lowest. The non-specific binding, which had a negative effect on the selectivity of the sensor, could be effectively reduced in this way.
There were still numbers of pores on the polymer layer (Figs. 1e, f) in the size range of 1 -3 μm for the 4:40 M-electrode, unlike the N-electrode. Generally, the addition of the template had indeed only a small impact on the overall membrane formation process, so the pore structure remained unchanged. 16 However, the result described in the present paper showed that the morphology of the membranes was obviously different when the degree of cross-linking increased to a certain extent. The reason has not been exactly known, and is being studied presently. The most unambiguous morphology difference between M-electrode and N-electrode with 4:40 ratios made their sensing performance obtain a large difference, which led to a high imprinting effect. This high imprinting effect might also due to that a high degree of cross-linking, which improve the rigidity of the polymer, which benefited preserving the imprinted memory. 17 Thus, the optimum molar ratio of functional monomer and cross-linking was 4:40. The other conditions were as described in the section concerning the preparation of MIPs-coated electrodes.
Performance of modified electrodes
As shown in Fig. 3 , PE reacted on M-electrode gave a higher peak current than on a N-electrode or a bare glassy carbon electrode. The differences among the currents resulted from the quantity binding onto the electrodes in the binding step. The result indicated that the imprinting procedure was effective to give a higher affinity to the template molecule. During the modification process, large numbers of imprinting cavities were formed in the membrane layer of the M-electrode. These cavities, having a complementary shape for the template and containing a defined arrangement of functional groups, showed a strong affinity to the template molecule. 15 Thus the template can diffuse into these cavities easily and quickly, which also could be confirmed from the fact that the M-electrode gave a lowest anodic peak potential. On the contrary, the N-electrode did not contain these imprinting cavities, but a non-conductive high cross-linked polymer layer. It resulted in a sharp decrease in the affinity to the template, with the diffusion impediments increasing correspondingly. Hence, that the highest anodic potential and lowest peak current were shown on the N-electrode was comprehensible.
The responses of the electrodes varied with the concentration of PE occurring in the binding step. In the range of 0.01 -5 mmol/L, the current intensity recorded with the M-electrode was nonlinear.
The equilibrium dissociation constant (KD, Eq. (1)) for binding of the target to the corresponding polymers was estimated by a Scatchard plot analysis of the binding data. In the Scatchard analysis, the experimental binding was usually plotted in B/F versus B format. B and F corresponded to the bond and the free concentrations. In this case, the bond concentration, B, had a direct ratio to the peak current, I. Also the free concentration was almost the same as the original concentration C. Thus it could be defined that:
Also, the experimental binding isotherm could be replotted in the I/C versus C format (Fig. 4) . For the M-electrode, nonlinear plots were obtained because of multiple KD values. KD,1 was the equilibrium dissociation constants obtained in low-concentration region, while KD,2 in higher one. The curved isotherm could be modeled as two separate straight line (Eqs. (4), (5)):
The result indicated that the imprinted polymer layer contained a heterogeneous population of sites with different affinities for the target molecule. The sites in the MIPs membrane could be divided into two kinds. 18 The high-affinity sites with a low KD value (0.02 ± 0.00 mmol/L), and the low-affinity sites with a high KD value (0.66 ± 0.12 mmol/L).
In contrast, for the N-electrode, the Scatchard plot fell on a straight line (Fig. 4) . We believed that the NIPs membrane contained only one type of binding site. It was formed with the functional monomer distributing randomly, because of the absence of a target molecule in the polymerization process. This type of site displayed a low affinity for the target with a high KD value (0.31 ± 0.04 mmol/L).
In the low-concentrate window, the sensitivity of the sensor was higher than that in the high concentrate region, which could be proved from the distinct slope varying with the concentrate window. In the low concentrate region, the analyte bound to high-affinity sites first. With increasing the concentration, the low-affinity sites could be held likewise. The feature of the sensor would be altered in a different concentration window, because of the heterogeneity of the MIPs membrane. 19, 20 On the other hand, the response of the N-electrode was kept at very low values for any concentration window.
Selectivity and reproducibility
Ethylparaben (Scheme 1) is a preservative added in eye drops or nasal drops, in which PEH often works as an active ingredient. The structure of ethylparaben is similar to that of PE, so the present of the ethylparaben will interfere with the determination of PE. In this work, the M-electrode could eliminate this interference and give good selectivity for PE. As shown in Fig. 5 , even in the case of PE and ethylparaben coexisting in molar equally, the response related to the oxidation of ethylparaben nearly disappeared (Fig. 5b) . It indicated that the M-electrode could specially bind to PE prior to ethylparaben because of the imprinted memory. To confirm the efficiency of molecular imprinting, the responses of the bar GCE, M-electrode, N-electrode to PE and ethylparaben were examined (Fig. 6 ). According to the Fig. 6 , the M-electrode specially bound PE, but seemed to repel ethylparaben. It could be confirmed from the phenomenon that the response of PE on the M-electrode was the highest, whereas that of ethylparaben was the smallest. In the case of the N-electrode, the order of their response was the same as that of the bare GCE, but smaller, respectively. That is to say, the lack of imprinting sites in the N-electrode and the increase of diffusion impediments resulted in non-selectivity and low sensitivity of the N-electrode. The result confirmed that molecular imprinting is effective to give selectivity to PE in sensing.
The reproducibility and reversibility of the sensor were studied by repeating the incubation-measure cycle with the same M-electrode. A mean peak current value of 1.0176 μA and a relative standard deviation of 5.8% were obtained in a 0.1 mM PE solution. 
Application of method in determination of PE in tablets
The sensor was applied to determine PE in tablet samples, and the result was also compared to the classical method. The results show in Table 1 were obtained with the standard addition method. The concentrations of PEH detected in sample A using the electrochemical sensor and HPLC were 19.95 ± 0.77 and 18.48 ± 0.08 μg/mL, correspondingly. The enriching effect of the sensor made it exhibit good analytical feature in complex samples.
Conclusions
An electrochemical sensor for PE based on molecular imprinting technology was developed. As the degree of cross-linking increased, the size of the pores in the membrane was decrease. SEM images revealed a gradual change in the surface morphology of modified electrodes. A molar ratio of 4:40 of a functional monomer and cross-linking was the optimum. The M-electrode exhibited higher affinity and selectivity to the template molecule than a closely related analogue, while the N-electrode did not have this feature. The sensor could be applied to determine the PE in complex samples, such as tablet. This allows the conclusion that molecular imprinting is effective to give selectivity to PE in sensing. The sensor exhibited good analytical features in terms of sensitivity, selectivity and reproducibility. Therefore MIPs are very promising elements for highly selective analytical sensors. 
